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The impact of non-native invasive fishes on native 
species and ecosystems is considered a global problem 
(Cucherosset and Olden 2011). South Africa is no exception 
and, in headwater streams where other human impacts 
are limited, predation by non-native fish is considered the 
primary threat to native fishes (Tweddle et al. 2009). As a 
result, South Africa has begun the process of rehabilitating 
several rivers by removing alien invasive fishes (Marr et al. 
2012; Weyl et al. 2014). Physical removal methods such as 
netting, angling and electric fishing have been shown to be 
inadequate for the complete eradication of fishes (Finlayson 
et al. 2010a). For this reason the use of piscicides to 
remove unwanted fish has become a management practice 
in over 30 countries (Lennon et al. 1970; Lintermans 2000; 
Finlayson et al. 2010a). 
Of the available piscicides, rotenone, a naturally-
occurring substance derived from plants of the family 
Leguminosae, has been used since the 1930s (Vinson 
et al. 2010) and is now globally considered to be most 
appropriate and cost-effective. Its advantages are that 
it works quickly, denatures in short periods of time so as 
to allow for recovery of non-target organisms and the 
restocking of desired fish species, leaves no harmful 
residues, does not pose a human health hazard, does not 
affect aquatic plants and does not deplete the dissolved 
oxygen in the system (Finlayson et al. 2010a).
Rotenone inhibits mitochondrial NADH-ubiquinone 
reductase and consequently impairs respiration (Eposti 
1998). It is absorbed quickly into the bloodstream by 
gill-respiring animals, allowing for low concentrations to be 
used successfully without influencing or harming non-gill-
breathing animals such as mammals (Finlayson et al. 
2001). Fish are particularly susceptible to rotenone due to 
the efficiency of entry of the toxin through their gills (Öberg 
1967), but other taxa such as gill-respiring amphibians 
(Billman et al. 2011) and aquatic invertebrates that absorb 
rotenone through their tracheal gills and cuticles have also 
been shown to be susceptible to exposure to it (Arnekleiv et 
al. 2001). A disadvantage of using rotenone in fish removal 
is its effect on non-target taxa, and a common criticism to 
its use is that it could potentially denude a waterbody of 
aquatic life (Morrison 1977; Lintermans 2000; Flemming 
2007). As a result, information on the toxicity of rotenone to 
aquatic invertebrates is urgently required. 
The objective of this study was to estimate and compare 
the dose-response relationships of both gill- and plastron-
respiring aquatic insects to rotenone at concentrations that 
are lethal to fish. We hypothesise that there will be higher 
rates of mortality amongst gill-respiring than amongst 
plastron-respiring insects, because of the direct absorp-
tion of rotenone across the water–gill interface as opposed 
to the water–air interface of the plastron, and that rotenone-
induced mortality will be greater at higher temperatures due 
to metabolic effects.
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Rotenone, a commonly-used piscicide, interferes with the cellular respiration of aquatic vertebrates and 
invertebrates by preventing the uptake of oxygen. While dose-response relationships have been developed 
for fish, there are limited comparative data available on aquatic insects that respire either with tracheal gills 
or with a plastron – a thin layer of air trapped by hairs on the exterior of the body. This study assesses the 
temperature-dependent toxicity of rotenone to gill-respiring aquatic insects, family Coenagrionidae, and plastron-
respiring aquatic insects, family Corixidae, at concentrations that are lethal to Mozambique tilapia Oreochromis 
mossambicus. Both groups of insects were found to be differentially susceptible to rotenone, with survival 
decreasing as functions of both increased concentration and temperature. The dose-response relationship of 
Mozambique tilapia was found to be similar to that of other fishes, with 100% mortality achieved at 0.025 mg l−1 at 
both 20 °C and 28 °C. At this concentration, mortality in gill-respiring insects after 48 h was 10% at 20 °C and 28% 
at 28 °C, which was higher than that of plastron-respiring insects, being 2% and 7% at the same temperatures. 
At higher concentrations (0.05–0.10 mg l−1), however, mortality of both gill- (>50%) and plastron-respiring (>10%) 
insects became substantial.




































Booth, Moss and Weyl96
Methods
Experimental design
The experimental approach taken in this study, conducted 
at Rhodes University, Grahamstown, was (1) to calculate 
a simple dose-response curve for an invasive fish species 
to determine lethal concentrations required at two tempera-
tures, and then (2) to assess the effect that these sublethal 
and lethal concentrations and temperatures have on two 
different families of aquatic insect with different respiratory 
mechanisms.
Two temperatures were required experimentally as both 
fish and insects, being poikilotherms, have temperature-
dependent metabolic rates. Rotenone toxicity is directly 
linked to metabolic rate. The temperatures selected, 20 
and 28 °C, reflect those of the environment where rotenone 
treatments are normally conducted. Mozambique tilapia 
Oreochromis mossambicus (Peters, 1852) was chosen as a 
candidate species as it is found in many of the riverine and 
lacustrine systems in southern Africa and is one of the eight 
fish species listed as the world’s 100 worst invasive species 
(Lowe et al. 2004). Mozambique tilapia can tolerate fresh, 
brackish and marine waters as well as high salinity concen-
trations (Skelton 2001), and has been shown to exhibit 
breath-holding capabilities (Weyl et al. 1996).
Candidate gill-respiring insects selected were the 
coenagrianid Pseudagrion sp., damselfly nymphs with 
terminal gills (Gullan and Cranston 2005). Corixid water 
boatmen, Sigara sp., were chosen as plastron-respiring 
insects. Plastron-respiring insects respire through passive 
diffusion of oxygen from the water to a plastron – a thin air 
layer trapped by fine hairs over the spiracles (Flynn and 
Bush 2008). Dissolved oxygen diffuses from the ambient 
water into the air layer, allowing it to function as a respira-
tory bubble. Most insects with such a method of respiring 
are relatively sedentary, as this type of respiration is 
not very effective in responding to high oxygen demands 
(Gullan and Cranston 2005), such that they spend most of 
their time near the bottom of the waterbody and surface 
occasionally for air (Picker et al. 2002). Both insect families 
are common to most freshwater systems within southern 
Africa. 
Rotenone preparation
A stock solution of 0.150 mg rotenone l−1 was prepared from 
rotenone powder (PRENTOX rotenone fish toxicant powder, 
EPA Reg. No. 655-691) that contained 8.74% active 
rotenone. This stock solution was later diluted on the day 
of the experiments with fresh water to make five different 
concentrations: 0.005, 0.015, 0.025, 0.005 and 0.150 mg l−1. 
In addition, a control of no rotenone (0 mg l−1) was 
prepared. The rotenone concentrations were prepared such 
that there was one non-lethal control dosage (0 mg l−1), 
two sublethal dosages (0.005 and 0.015 mg l−1) and three 
lethal dosages (0.025, 0.050 and 0.150 mg l−1). Whilst the 
manufacturer recommended concentrations of between 
0.025 and 0.050 mg l−1 to kill fish, the highest concentra-
tion used here (0.150 mg l−1) was included so as to assess 
the impact of an excess of rotenone applied to an aquatic 
system.
Animal husbandry 
Prior to the experiment, a total of 360 juvenile Oreochromis 
mossambicus (10 fish  3 replicates  6 treatments  
2 temperatures) were acclimated at the two different 
temperatures, 180 fish per temperature, in a constant 
environment room for two weeks. Fish were maintained 
in glass aquaria with recirculating water filters and fed to 
satiation twice daily. 
A total of 360 damselfly nymphs (10 insects  
3 replicates  6 treatments  2 temperatures) and 
360 water boatmen were collected from a dam in 
Grahamstown, kept in the laboratory and acclimated to 
the test temperature for 24 h. Insects were maintained in 
clean water and were not fed. 
Toxicity of rotenone to fish 
The rotenone dose-response curve for fish was calculated 
by filling a plastic bucket with a rotenone solution at the 
required treatment concentration using water from the 
constant environment room. The water in the buckets did 
not receive supplementary aeration. Temperature record-
ings were taken at frequent intervals to ensure a stable 
thermal environment. For each rotenone–temperature 
treatment combination, 10 juvenile O. mossambicus were 
placed in the bucket and observed for 30 min. Fish survival 
was taken as the loss of equilibrium, together with the 
cessation of opercular movement. Fish that were assessed 
to have ‘died’ within the duration of each 30 min observa-
tion were pithed through the nostril with a dissecting needle. 
Each rotenone–temperature treatment combination was 
triplicated.
Toxicity of rotenone to invertebrates
Insects were exposed to the experimental rotenone concen-
trations at the two water temperatures. After introduction to 
the rotenone solution, the insects were observed after 2, 5, 
9, 19, 23, 44 and 48 h. Mortality, defined as the cessation 
or absence of movement after repeated prodding, was 
recorded after each observation period.
Statistical analyses
There were no mortalities recorded for any species in the 
control treatment of 0.00 mg l−1 rotenone. Both the ‘no 
observed effect concentration’ (NOEC) (Connel et al. 1999) 
and the ‘lowest observed effect concentration’ (LOEC) were 
noted for all species and temperatures.
Species-specific temperature-dependent dose-response 








where Msct is the predicted mortality of species s at a 
rotenone concentration c at temperature t, LC50(t) is that 
rotenone concentration corresponding to 50% mortality 
at temperature t, and (t) is the inverse rate of mortality at 
temperature t.
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parameters were estimated simultaneously by non-linear 
minimisation of a negated binomial log-likelihood of the form
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where dsctr is the observed number of deaths from a total 
number of nsctr animals sampled of species s exposed to 
rotenone concentration c at temperature t and replicate r. 
Parameter variability was estimated calculated using 
parametric bootstrap resampling with 500 replicates (Efron 
1981). Confidence intervals were obtained using the 
percentile method of Buckland (1984).
The null hypotheses that the model parameters were 
equal for all species, concentrations and temperatures 
were tested using likelihood ratio tests (Casella and Berger 
2001). A likelihood ratio test is the ratio of the likelihoods 
(or their difference on the log-scale) of the reduced and 
fully parameterised models. The full (saturated) model has 
all calculated parameters and the reduced model has a 
subset of the parameters from the full model. This likelihood 
ratio,  2(lnLfull  lnLreduced), is asymptotically Chi-square 
distributed, with the degrees of freedom () being equal to 
the difference in parameters, p, between the two models, 
such that  ~ 2( pfull  preduced) Statistical significance 
was assessed at  0.05.
Results
There were no mortalities recorded for any species in 
the control treatment of 0.00 mg l−1 rotenone. In order of 
rotenone susceptibility, fish were the most rapidly affected 
organisms, followed by coenagrionids and then corixids 
(Figure 1). 
For Mozambique tilapia, the no observed effect concen-
tration (NOEC) was found to be the control treatment 
for both temperatures assessed (Table 1). The lowest 
observed effect concentration (LOEC) was 0.005 mg l−1 for 
both temperature treatments. The concentrations required 
for 50% mortality were 0.01 mg l−1 and 0.005 mg l−1 at 
20 °C and 28 °C, respectively. There was 100% mortality 
at all concentrations >0.025 mg l−1 at both temperatures 
(Figure 1). For the gill-respiring coenagrionids, NOECs 
were 0.005 mg l−1 and 0.0 mg l−1 at 20 °C and 28 °C, 
respectively. Mortalities were only noted at LOECs of 
0.015 mg l−1 and 0.005 mg l−1 for these two temperatures. 
The plastron-respiring corixids were the least sensitive to 
rotenone, with NOECs at 0.015 mg l−1 and 0.005 mg l−1, and 
LOEC values of 0.025 mg l−1 and 0.015 mg l−1 for the 20 °C 
and 28 °C treatments, respectively.
At the prescribed lethal dosage of between 0.025 
and 0.05 mg l−1 at 28 °C it is predicted that there will be 
a mortality rate of ±50% and ±10% for coenagrionids and 
corixids, respectively. At 20 °C the predicted mortality 
rate was lower at ±10% and ±5% for the two insect 
families, respectively. There was a significant increase 
in the inverse rate of mortality in fish (2  48.86, df  2, 
p < 0.05), gill-respiring (2  86.29, df  2, p < 0.05), as 
well as the plastron-respiring insects (2  12.74, df  2, 
p < 0.05) at higher temperatures, indicating that mortality 
rate was higher at higher temperatures (Table 1). While 
the plastron-respiring insects had a slower response to 
rotenone, mortality rate still increased with increased 
rotenone concentration, duration of exposure and tempera-
ture (Figure 2).
Discussion
Piscicides such as rotenone are a necessity for the 
complete eradication of target fish species because 
alternative methods are either not always feasible (e.g. 
de-watering) or have been shown to be ineffective (e.g. 
netting) (Finlayson et al. 2001). Typical rotenone applica-
tions last for 4–8 h at concentrations that are at least twice 
the experimentally-derived minimum dose that results 
in 100% mortality of the target organism in a 4 h period 
(Finlayson et al. 2001). Experimental lethal concentrations 
for fishes range from 0.005 to 0.0077 mg l−1 for rainbow 
























































Figure 1: Mortality rate of Mozambique tilapia Oreochromis 
mossambicus after 30 min, and of gill-respiring (Pseudagrion sp., 
Coenagrionidae) and plastron-respiring (Sigara sp., Corixidae) 
aquatic insects after 48 h, exposed to 0, 0.005, 0.015, 0.025, 0.005 
and 0.150 mg l−1 of rotenone at 20 and 28 °C. Shaded area is 
the manufacturer-recommended dosage lethal to fish, i.e. 0.025–
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Oreochromis mossambicus Gill-respiring insects Plastron-respiring insects




































NOEC (20 °C) 0.000 0.005 0.015
NOEC (28 °C) 0.000 0.000 0.005
LOEC (20 °C) 0.005 0.015 0.025
LOEC (28 °C) 0.005 0.005 0.015
Table 1: Logistic model parameters for estimating the mortality rate of Mozambique tilapia Oreochromis mossambicus, gill-respiring 
(Pseudagrion sp., Coenagrionidae) and plastron-respiring (Sigara sp., Corixidae) aquatic insects exposed to various concentrations of 
rotenone (mg l−1) at two temperatures. Alphabetic (by column) and numeric (by row) superscripts denote statistically different parameter 
estimates (p < 0.05). NOEC  no observed effect concentration; LOEC  lowest observed effect concentration; LC50(t)  rotenone 
concentration corresponding to 50% mortality at temperature t; (t)   inverse rate of mortality at temperature t
20 °C 28 °C
































































Figure 2: Mortality rate response surfaces of gill-respiring (Pseudagrion sp., Coeagrionidae) and plastron-respiring (Sigara sp., Corixidae) 
aquatic insects to various rotenone concentrations over 48 h. Contours calculated from predicted mortalities due to 0, 0.005, 0.015, 0.025, 
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Finlayson et al. 2010b), 0.0125–0.1 mg l−1 for smallmouth 
bass Micropterus dolomieu (Jordaan and Weyl 2013), 
0.1 mg l−1 for common carp Cyprinus carpio (Fajt and 
Grizzle 1998) and 0.075–0.3 mg l−1 for northern snakehead 
Channa argus (Lazur et al. 2006). 
The dose-response of Mozambique tilapia in this study 
was therefore similar to that of other fishes, with 100% 
mortality achieved at 0.025 mg l−1. At this concentration, 
after 48 h, mortality in gill-respiring insects was 10–28% 
at 20 °C and 28 °C, respectively, while that of plastron-
respiring insects (2–7%) was considerably lower. At the 
highest concentrations (0.15 mg l−1), however, mortality of 
both gill- (40–97%) and plastron-respiring insects (21–60%) 
became substantial (Figure 1). 
Information on the experimental lethal concentration 
of rotenone to aquatic insects is patchy, largely because 
of the lack of experimental standardisation and the high 
variability in responses between orders and of families 
within each order. Whilst there are, unfortunately, no data 
available on the responses of coenagrionids and corixids 
that are comparable to our results, Vinson et al. (2010) do 
provide some general results from their review of 22 field 
studies. They noted that benthic organisms tend to be less 
sensitive than planktonic organisms, smaller insects are 
more sensitive than larger insects, insects that use gills 
for respiration are more sensitive than those relying on 
cutaneous respiration, and that mortality is near 100% at 
rotenone concentrations in excess of 150 mg l−1 for lentic 
insects. 
Dosage-dependent responses of insects were consistent 
with field observations during South Africa’s first rotenone 
application on the Rondegat River (Woodford et al. 2013; 
Bellingan et al. 2015). In the Rondegat River, South Africa, 
two rotenone treatments, conducted one year apart, 
successfully removed invasive M. dolomieu from the river 
(Weyl et al. 2014). During the first exercise, treatment at a 
concentration of 0.05 mg l−1 initiated a catastrophic inverte-
brate drift event and resulted in significantly decreased 
insect diversity (Woodford et al. 2013). Drift was sequen-
tial, with the more sensitive, gill-respiring taxa (e.g. 
Ephemeroptera) responding first and plastron-respiring 
taxa (e.g. Hemiptera and Coleoptera) later. Impacts of 
this treatment on the density and diversity of invertebrates 
immediately after treatment were also most severe on 
gill-respiring taxa (Woodford et al. 2013). 
Invertebrates, in general, were not as quickly affected 
by rotenone as were fish, primarily due to their respiratory 
differences. Fish respire with gills that are vascularised in 
a counter-current configuration (Hlastala and Berger 2001). 
Gill-respiring invertebrates, in contrast, respire along their 
entire cuticular surface, including their terminal gill-like 
lamellae that have tracheae, containing haemolymph, which 
ramify throughout the organs of the body and append-
ages (Chapman 1998). Respiration is achieved simply 
via passive transfusion across the cuticle over the entire 
surface of the body. Plastron-respiring insects have open 
respiratory systems and respire directly through an air layer 
that is trapped along their ventral exteriors (Chapman 1998; 
Flynn and Bush 2008). Dissolved oxygen diffuses passively 
from the ambient water into the plastron, allowing it to 
function as a respiratory bubble. Respiration is achieved 
through the tracheae which terminate in openings, or 
spiracles, within the plastron. 
Gill-respiring organisms, such as fish and tadpoles 
(Billman et al. 2011) which have bloodstreams containing 
respiratory pigments, would be the most susceptible 
to rotenone because as there is a direct pathway for 
rotenone to reach the mitochondria in the body tissues 
for NADH-ubiquinone reductase inhibition (Eposti 1998). 
Gill-respiring insects would be the next most suscep-
tible group, as their haemolymph will transport rotenone in 
dissolved form directly to the organs. The least-susceptible 
group comprises insects with air-filled tracheae that supply 
their organs with oxygen. The response to rotenone by the 
plastron-respiring invertebrates demonstrates that this toxin 
can still be passed through the water–air interface of the 
plastron and be absorbed through the spiracles. Terrestrial 
insects also fall into this category, and have been shown to 
be susceptible to rotenone powder used as an insecticide 
(Lümmen 1998). 
Irrespective of respiratory mode, it has been shown 
that the toxic effects of rotenone increase with tempera-
ture (Meadows 1973; Arnekleiv et al. 2001) due to the 
immediate effects of an increased metabolic rate (Ling 
2003). At higher temperatures there is an increase in 
opercular movement in fish and of body movement in 
insects, to counter the decreased oxygen concentrations, 
which results in the toxin affecting their respiration faster.
In this study, gill-respiring and plastron-respiring 
insects started responding to rotenone after 5 and 19 h of 
exposure, respectively. However, rotenone takes days 
to degrade (Dawson et al. 1991) and therefore its use 
significantly reduces aquatic invertebrate abundance and 
diversity. Adherence to standard operating procedures 
regarding treatment concentrations and the post-treatment 
neutralisation of rotenone are therefore important consider-
ations when conducting rotenone treatments. 
The full effects of rotenone should be considered prior to 
its application for controlling invasive or unwanted fishes. 
This study has shown that non-target organisms such as 
aquatic insects, be they gill-respirers or plastron-respirers, 
are negatively affected. Therefore, for lentic environments 
at 20–28 °C, we recommend that rotenone be applied at 
0.025 mg l−1 to kill invasive fish, whilst minimising its toxic 
effects on aquatic insects. 
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